Abstract
INTRODUCTION
Hepatic fibrosis is characterized by excessive deposition of extracellular matrix (ECM) components in the interstitial space of the liver [1, 2] . The fibrogenesis is triggered by a variety of events that lead to chronic injury, including viral infection, drug or alcoholic toxicity, autoimmune disorders and metabolic diseases. As a consequence of liver damage, nonparenchymal cells are activated by a concert of mediators released from injured hepatocytes. A population of nonparenchymal cells, the hepatic stellate cells (HSCs), have been identified and recognized for their contributing role in the fibrotic process after transformation towards myofibroblasts [3] . Thus, HSCs represent an attractive target for the development of antifibrotic strategies incorporating a selective targeting approach for hepatic fibrosis [4] . Recently, several therapeutic strategies have been developed by means of targeting hepatic fibrosis, including inhibition of collagen synthesis [5] , interruption of matrix deposition [6] , stimulation of matrix degradation, modulation of HSC activation [7] , or induction of HSC death [8] . Despite advance in understanding hepatic fibrogenesis, therapeutic repertoire for hepatic fibrosis treatment is still limited.
Oxymatrine (OM), an alkaloid extracted from the medicinal plant Sophora alopecuraides L, has received increasing attention for its multiple pharmacological functions. OM has been demonstrated to exert an inhibitory effect on the replication of hepatitis B [9] and C [10] viruses in vitro. Preclinical and clinical studies have shown that OM effectively inhibited infection with hepatitis B virus [11] . In addition to antiviral effects, OM has been reported to have a beneficial effect on progression of CCl4-induced hepatic fibrosis in rats. Recent studies have demonstrated that OM induces apoptosis in a variety of cells; mainly malignant cells [12] . Apoptosis-inducing activity of OM makes it an attractive antifibrotic agent. However, there is limited evidence for the efficacy of OM in hepatic fibrosis and the underlying mechanism.
In the present study we aimed to investigate whether Arg-Gly-Asp (RGD)-mediated targeting delivery of OM exerted antifibrogenic action with improved efficiency of fibrogenic liver [13] . In vitro experiments showed that uptake of OM in HSCs was enhanced and the apoptotic process was induced. In CCl4-induced rats, delivery of OM to HSCs with this formulation strategy improved the efficacy of this medication in the treatment of hepatic fibrosis.
MATERIALS AND METHODS

Preparation of OM-RGD liposomes
The lipid phase consisting of a mixture of lecithin and cholesterol in a ratio of 2:1 was dissolved in CHCl3-MeOH (1:1) followed by evaporation and addition of pleic acid and polysorbate. Lipids were mixed with the aqueous solution containing OM and polyvinylpyrrolidone in phosphate-buffered saline (PBS; pH 7.4).
The mixture was sonicated for 5 min at 50% amplifying strength resulting in a water-in-oil emulsion. After removal of the organic solvent with a rotary evaporator under vacuum, the dispersion of liposomes was formed.
RGD peptide was synthesized by the Chinese Peptide Company (Hangzhou, China). RGD peptide coupling was performed as described previously [14] . In brief, 4 nmol cyclo-Arg-Gly-Asp (cRGD) peptide per mmol total lipid was added after deacetylation of the peptide in 0.5 mol hydroxylamine solution, and incubated for 1 h at room temperature. Unloaded liposomes and unbound RGD were separated by CL-4B column (Amersham, Piscataway, NJ, United States).
HSC preparation
HSCs were isolated by collagenase perfusion through the portal vein in Sprague-Dawley rats, followed by Nycodenz gradient centrifugation. Cells were incubated in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (v/v) and 100 U/ mL penicillin and streptomycin, and maintained at 37 ℃ in a humidified incubator (90% humidity) containing 50 mL/L CO2. HSCs seeded at a density of 10 4 cells/cm 2 attained confluence in 6 d and formed a monolayer of closely apposed polygonal cells. The morphology and growth of HSCs were confirmed and evaluated by microscopy.
Cell viability assay
Cell viability was determined through 3-(4,5) -dimethyl thiahiazo(-z-y1)-3,5-diphenytetrazoliumromide (MTT) assay. The MTT assay depends on the extent to which viable cells convert MTT bromide to an insoluble colored formazan product that can be determined spectrophotometrically. After treatment, cells were harvested and washed in PBS, and 200 mL DMEM without phenol red, containing 5 mg/mL MTT, was added to each cell. Three hours later, the medium was aspirated, and the converted dye was solubilized with isopropanol (0.1 mol/L HCl in isopropanol). The resulting absorbance from each cell was measured at a wavelength of 570 nm with background subtraction at 630 nm.
Flow cytometry
HSCs were treated with different concentration of OM-RGD liposomes for 48 h at a cell density of 2 × 10 5 cells/mL, and then stained with annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) (Sigma, St Louis, MO, United States). Annexin V-FITC-positive and PI-negative cells were considered to be apoptotic cells.
Transmission electron microscopy
HSCs were cultured with different formulation of OM at 37 ℃ for 24 h and then harvested by trypsinization and centrifugation for 10 min at 3500 rpm at room temperature. Cells were fixed in 4% (v/v) glutaraldehyde for 4 h at 4 ℃. The specimens were washed with sodium cacodylate buffer (pH 7.4) followed by post-fixation in 1% osmium tetroxide at 4 ℃. Cells were then washed with cacodylate buffer (pH 7.4) and dehydrated with a graded series of acetone. The cells were embedded with 100% resin in a beam capsule. A sample block was sectioned using an ultramicrotome. The sections were placed into a grid and stained with uranyl acetate for 10 min followed by 50% filtered acetone, and finally stained with lead. The stained samples were then viewed under a transmission electron microscope (Phillips, Eindhoven, The Netherlands).
Real-time PCR
Total RNA was extracted from cells using the TRIzol reagent. The amount of each RNA sample was determined by Qubit fluorometer. Reverse transcription was performed in a 20-μL reaction system with 200 ng total RNA using high capacity cDNA reverse transcription kits. Relative quantification of designated genes including MMP-2, TIMP and type Ⅰ procollagen were assessed by real-time PCR through the ABI 7900HT system. A housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. Primer sequences used are shown as follows:
The relative abundance of target mRNA was determined with the comparative cycle threshold method.
Animals and experimental design
Male Sprague-Dawley rats came from the Experimental Animal Center of Beijing Medical University (Beijing, China) and were caged in an environment with regulated temperature (21 ± 1.6 ℃), humidity (45% ± 10%), and an alternating 12-h light and dark cycle. The animals had free access to water and diet throughout the study. For the chronic liver injury model, animals were injected intraperitoneally with 50% CCl4 (CCl4:vegetable oil = 1:1) at a dose of 0.15 mL/100 g body weight and were also divided into four groups: Group A (administered with OM-loaded liposome); Group B (administered with OM-RGD liposome); Group C (hepatic fibrosis); and Group D (blank vector). Injections were given three times weekly for 8 wk. After treatment, the rats received an intravenous injection according to their subgrouping. Groups A and B were given OM liposomes and OM-RGD liposomes, respectively. The rats in Group D were administered with 0.5 mL blank liposomes. The rats were sacrificed 8 wk after injection, and the livers and blood samples were collected for further assessments.
For HSC targeting, CCl4-treated animals were injected with FITC-labeled OM liposomes and OM-RGD liposomes via the tail vein. Hepatocytes and HSCs were isolated from each individual rat 24 h post-injection, as described previously [15] .
Histological analysis
Animals were sacrificed 8 wk after treatment. Liver samples from each group were harvested, fixed with 10% formaldehyde, embedded in olefin, and stained with hematoxylin and eosin (HE) as well as Masson collagen staining.
Statistical analysis
The data are expressed as mean ± SD. Student's t-test or Dunnett's t-test was used to compare the differences between treated and control groups, and differences were considered significant at P < 0.05.
RESULTS
Antifibrogenic effect of OM-RGD liposomes in CCl4-induced fibrotic liver
We evaluated the therapeutic effect of OM-RGD liposomes on CCl4-induced liver injury in rats. As shown in Table 1 , elevated levels of alkaline phosphatase were reduced by OM. Histopathological analysis revealed that CCl4-induced hepatic fibrosis was ameliorated by OM ( Figure 1A ). Excessive collagen deposited in response to CCl4-induced liver injury was ameliorated by OM (Table 1, Figure 1B) . Moreover, the RGD-labeled liposomal formulation exerted a more aggressive therapeutic effect in hepatic fibrosis than did OM in terms of alkaline phosphatase (Table 1) , histopathology ( Figure 1A) , and collagen deposits (Table 1, Figure 1B ).
OM-RGD liposomes induced apoptosis in HSCs in vitro
The inhibitory effect of OM-RGD liposomes on the viability of primary HSCs was determined by MTT assay. As shown in Figure 2A , OM-RGD liposomes significantly inhibited the viability of HSCs, whereas OM liposomes exhibited low cytotoxicity in HSCs. formation of apoptotic bodies ( Figure 2B ). The apoptotic effect of different formulations of OM was determined by using flow cytometry. Cell cycle analysis revealed that incubation with OM-RGD liposomes resulted examined by transmission electron microscopy (TEM). TEM revealed that treatment with OM-RGD liposomes resulted in typical morphological sign of apoptosis, including cell shrinkage, increased cellular granularity, and 
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A in a significant increase in sub-G1 phase accumulation that was recognized as a biomarker of apoptosis ( Figure  2C ). Moreover, the RGD-labeled liposomal formulation had a more aggressive effect on HSCs than that of OM in terms of cell viability ( Figure 2 ) and apoptosis ( Figures  3 and 4) 
OM-RGD liposomes inhibited fibrosis-related gene expression in CCl4-induced fibrotic liver injury
We also examined the change in mRNA expression of fibrosis-related genes upon treatment with OM in different liposomal formulations. As shown in Figure 3 , mRNA expression of MMP-2, TIMP-1 and type Ⅰ procollagen was considerably elevated upon CCl4 induction (vs normal, P < 0.05). Treatment with OM resulted in significant decreases in mRNA expression of these designated fibrosis-related genes and fibrosis-related gene expression (vs CCl4-induced group, P < 0.05). Moreover, RGD-labeled liposomal formulation had a more aggressive downregulation of fibrosis-related gene expression than that of OM (vs CCl4-induced hepatic fibrosis group, P < 0.05; as compared to OM liposomes, P < 0.05).
RGD enhanced OM targeting of HSCs in fibrotic rats
To evaluate the specificity of binding to HSCs in fibrotic liver, OM-RGD liposomes were conjugated with FITC and injected intravenously to rats with CCl4-induced hepatic fibrosis. HSCs were isolated and examined by fluorescence microscopy. As shown in Figure 4 , a significantly high number of FITC-positive HSCs was found in the OM-RGD liposome group compared with the OM liposome group. 
DISCUSSION
Increased understanding of the pathogenesis of hepatic fibrosis has led to drug discovery for its treatment. Preclinical and clinical studies have reported that hepatic fibrosis is dynamic and possibly reversible [16, 17] . During recent decades, antifibrotic strategies have predominantly focused on eradication of causative factors, for example, clearance of virus [18] . Since the pathogenesis of fibrosis was clarified recently [19] , researches have focused on agents that could prevent or reverse fibrosis. OM has been reported for its pharmacological potential to treat liver disorders, particularly inhibiting viral infection [10, 11, 20, 21] . It has been demonstrated to exert antifibrotic action [22] . In our study, we confirmed that OM could attenuate CCl4-induced hepatic fibrosis in a rat model, as defined by a significant decrease in the serum level of alkaline phosphatase and improvement of histopathological change.
OM was recently referred to as an antifibrosis agent in clinical and preclinical studies. However, its mechanisms of action were still puzzling. In preclinical studies, it was proved that OM showed prophylactic and therapeutic effects in D-galactosamine-induced rat hepatic fibrosis, partly by protecting hepatocytes and suppressing fibrosis accumulation through ating against lipid peroxidation [23] . Another study also demonstrated that OM was effective in reducing the production and deposition of collagen in the liver tissue of experimental rats in ways that relate to modulating the fibrogenic signal transduction via the p38 mitogen-activated protein kinase signaling pathway [24] . Moreover, OM could promote the expression of Smad 7 and inhibit the expression of Smad 3 and cAMPresponse element binding protein-binding protein in CCl4-induced hepatic fibrosis in rats, and modulate the fibrogenic signal transduction of the transforming growth factor (TGF)-β-Smad pathway [25] . Clinical studies have proved that the effect of OM against hepatic fibrosis is mediated by lowering the levels of TGF-β1 and tumor necrosis factor-α and increasing the level of interleukin-10 in chronic hepatitis B patients [26] . OM could also target directly fibrogenic effector cells, which has received much attention [27] . Various cells are involved in the fibrogenic process. HSCs, the most important fibrogenic cells, are activated during injury and contribute to excessive synthesis of ECM, resulting in deposition of scar or fibrous tissue [28] [29] [30] [31] . OM has been demonstrated to prevent pig-serum-induced liver fibrosis in rats by inhibiting the activation of HSCs and synthesis of collagen [32] . However, how OM inhibits HSC activation was not determined in that study [32] . We explored the effect of OM on HSCs in vitro. OM inhibited viability and induced apoptosis of HSCs. This might be the underlying mechanism involved in OM therapy of hepatic fibrosis. Furthermore, we also detected fibrosis-related gene expression after OM administration. MMP-2, produced by HSCs, plays an important role in liver fibrogenesis [33] . TIMPs, especially TIMP-1 and -2 expression and activity, were significantly increased at 8 wk in a rat porcine-serum-induced hepatic fibrosis model [34] . Furthermore, inhibition of cell viability and type Ⅰ procollagen expression in rat HSCs could improve recovery from CCl4-induced liver fibrogenesis in rats [35] . As shown in our study, mRNA expression of MMP-2, TIMP-1 and type Ⅰ procollagen was considerably elevated upon CCl4 induction. Treatment with OM resulted in significant decreases in mRNA expression of these designated fibrosis-related genes. All the data indicated that OM could attenuate hepatic fibrosis via its effect on HSCs, such as inhibiting cell viability, inducing apoptosis and downregulation of fibrosis-related gene expression. Since OM therapy was dependent on its interaction with HSCs, binding to HSCs became a key factor for its function. Due to a relatively small population of HSCs in the liver and lack of specific membrane receptors, HSC-specific targeting therapy has remained unavailable. Several studies have attempted to use different formulation approaches for targeting HSCs. Beljaars et al [36] have reported that human serum albumin (HSA) modified with mannose 6-phosphate (M6P) accumulated in HSCs by binding to the M6P-insulin-like growth factor Ⅱ receptors found on activated HSCs. Modification of HSA with a cyclic peptide that recognizes the collagen type VI receptor has been demonstrated to enhance effectiveness and tissue specificity of antifibrogenic drugs [37] . Moreover, the affinity of a cyclic peptide, cRGD, for collagen type VI receptor on HSCs was confirmed in both in vitro and in vivo experiments [13] . In our study, in order to facilitate OM binding to HSCs, we conjugated liposomes targeted to HSCs in rats with CCl4-induced hepatic fibrosis. Fluorescence microscopy showed more FITC-positive HSCs in the OM-RGD-liposome group compared with the OM-liposome group. We compared the difference in therapeutic effect of the alternative formulations of OM on liver fibrosis. We demonstrated better results in the OM-RGD-liposome group, as demonstrated by significant decreases in serum alkaline phosphatase and improvement of histopathological changes, compared with the OM-liposome group. Moreover, OM-RGD liposomes showed a more aggressive effect on viability, apoptosis and fibrosis-related gene expression of HSCs, compared with the OM liposomes. The results showed that specific binding of this liposomal formulation to HSCs enhanced the liver protective effect of OM.
In conclusion, we conjugated OM with RGD liposomes and confirmed that this formulation could enhance OM binding to HSCs and the therapeutic effect on hepatic fibrosis induced by CCl4. We also demonstrated that the therapeutic effects of OM on hepatic fibrosis were partly dependent on inhibiting cell viability, inducing apoptosis, and downregulating fibrosis-related gene expression of HSCs, thus highlighting OM-RGD liposomes as an attractive novel therapy in liver fibrosis.
COMMENTS
Background
Oxymatrine (OM) has been reported to have a beneficial effect on progression of CCl4-induced hepatic fibrosis in rats, however, its mechanism of action is still uncertain. Hepatic stellate cells (HSCs) have been identified as an important factor in the hepatic fibrotic process. Drugs that could induce HSC apoptosis or death might be the potential strategy for treatment of hepatic fibrosis. Recent studies have demonstrated that OM induces apoptosis in a variety of cells; mainly malignant cells. Thus, the authors performed an assay to demonstrate whether OM could attenuate hepatic fibrosis via inducing HSC apoptosis.
Research frontiers
OM was demonstrated to attenuate hepatic fibrosis but its mechanisms of action were still uncertain. Moreover, targeting of HSCs might facilitate the therapeutic effect of OM. The research hotspot is to clarify the mechanism of action of OM in attenuating hepatic fibrosis and how to enhance OM binding to HSCs.
Innovations and breakthroughs
Apoptosis-inducing activity of OM makes it an attractive antifibrotic agent. However, there is limited evidence for the efficacy of OM in hepatic fibrosis and the underlying mechanism of action. The authors demonstrated for the first time that OM could attenuate hepatic fibrosis via inhibiting viability and inducing apoptosis of HSCs. Moreover, Arg-Gly-Asp (RGD) could promote OM targeting to HSCs and enhance its effect on hepatic fibrosis.
Peer review
This study aimed to analyze the effects of RGD-peptide-labeled liposomes on CCl4-induced hepatic fibrosis in rats. This is an interesting approach that clearly improves the efficacy of treatment. The research combined in vitro and in vitro studies, and data are clear and well presented.
